Sand-smelts are small fishes inhabiting inshore, brackish and freshwater environments and with a distribution in the eastern Atlantic and Mediterranean Sea, extending south into the Indian Ocean. Here, we present a broad phylogenetic analysis of the genus Atherina using three mitochondrial (control region, 12S and 16S) and two nuclear markers (rhodopsin and 2nd intron of S7). Phylogenetic analyses fully support the monophyly of the genus. Two anti-tropical clades were identified, separating the South African Atherina breviceps from the north-eastern Atlantic and Mediterranean Atherina' species. In European waters, two groups were found. The first clade formed by a well supported species-pair: Atherina presbyter (eastern Atlantic) and Atherina hepsetus (Mediterranean), both living in marine waters; a second clade included Atherina boyeri (brackish and freshwater environments) and two independent lineages of marine punctated and non-punctated fishes, recently proposed as separate species. Sequence divergence values strongly suggest multiple species within the A. boyeri complex.
Introduction
Atheriniformes sensu Nelson (1994) are small inshore fish which typically spawn demersal eggs in shallow waters. They probably undertook several radiations in different continents and invaded brackish and freshwaters multiple times, giving rise to secondary freshwater taxa (Nelson, 1994) . The genus Atherina Linnaeus (1758) (sand-smelts) is distributed in the eastern Atlantic Ocean, Mediterranean and Black Seas and extends south into the southern Atlantic and western Indian Ocean along the African coast (Quignard and Pras, 1986) . Sand-smelts are small fishes inhabiting inshore marine environments as well as brackish and freshwater habitats. The taxonomy of this genus has been unstable due to both morphological character overlap among species and intra-specific variability in characters used in their classification. Kiener and Spillman (1969) published an extensive revision of the genus in the Mediterranean Sea and synonymised many of the nominal species, condensing two genera and 20 species to a single genus with three species: the Mediterranean sand-smelt Atherina hepsetus (Linnaeus 1758), the big-scale sand-smelt Atherina boyeri (Risso 1810) and the sand-smelt Atherina presbyter (Cuvier 1829). A. hepsetus is mainly restricted to the Mediterranean and Black Seas, although it has also been reported in the eastern Atlantic coasts of Spain, Morocco, Madeira and Canary Islands (Quignard and Pras, 1986) . The distribution of A. boyeri ranges from England and Netherlands to Mauritania and in waters around the Mediterranean and Black Seas (Quignard and Pras, 1986) , whereas A. presbyter ranges from the southern North Sea and British Isles to the Canary Islands, Mauritania and Cape Verde. It has also been reported from the Azores archipelago (Santos et al., 1997) and, rarely, from the western Mediterranean (Kiener and Spillman, 1969; Quignard and Pras, 1986) . From the African coast two additional species were described: Atherina lopeziana (Rossignol and Blanche 1961) which is confined to the Gulf of Guinea, and Atherina breviceps (Valenciennes 1835) which is abundant along the south east and west coasts of South Africa (Maugé, 1990) .
Based on morphological and molecular characters, several authors proposed the recognition of different forms or species within what was formerly grouped under A. boyeri. This distinguished punctated (spotted) and non-punctated fishes, as well as those restricted to marine, brackish and freshwater habitats (e.g. Astolfi et al., 2005; Klossa-Kilia et al., 2002; Trabelsi et al., 2002a) . Francisco et al. (2008) provided a comprehensive phylogenetic analysis of the eastern Atlantic and Mediterranean species of Atherina based on mitochondrial DNA, and revised their taxonomy, proposing three distinct species within the A. boyeri complex: A. boyeri (inhabiting lagoons and freshwater bodies), as well as ''punctuated'' and ''non punctuated'' forms (both typically present in marine conditions).
As Francisco et al. (2008) based their inferences only on mtDNA, they could not test for reproductive isolation among sympatric species. Indeed, the possibility of hybridization between fish with very distinct mitochondrial haplotypes could not be ruled out, in particular those within the A. boyeri complex. In the present work we analyze 536 specimens of the three European recognized species and the southern African A. breviceps, providing a nearly complete phylogenetic coverage of the genus. Moreover, the use of three mitochondrial (control region, 12S and 16S) and two nuclear markers (rhodopsin and 2nd intron of S7) allows a more precise assessment of the degree of differentiation among the putative species of the A. boyeri complex.
Materials and methods
In this study we used specimens of A. presbyter (N = 176), A. hepsetus (N = 34), A. boyeri -including freshwater/brackish (N = 288), punctated (N = 12) and non-punctated fishes (N = 18), and A. breviceps (N = 5). Samples were collected from a variety of locations in Europe and South Africa and preserved in 96°ethanol (Fig. 1, Table 1 ). A complete list of specimens used is provided in the electronic Supplementary material (Table S1 ). South African samples of Iso natalensis were included as outgroup in the molecular analyses.
Total genomic DNA of new individuals was extracted with REDExtract-N-ampl kit (Sigma-Aldrich), following the manufacturer instructions. Mitochondrial fragments of the control region (CR), 12S rRNA and 16rRNA genes, and nuclear fragments of the rhodopsin gene and S7 intron 2 were amplified and sequenced by polymerase chain reaction (PCR) ( Table 2) Purification and sequencing were performed as services by Stabvida (Oeiras, Portugal), and details on these procedures may be requested from the authors. The sequences were aligned with Clustal X2 (Larkin et al., 2007) and CodonCode Aligner v.3.5.6. (CodonCode Corporation, MA, USA), and corrected by eye. For the nuclear fragments, the double peaks in chromatograms generated as artefacts in the vicinity of heterozygous indels were used to identify the specific strands of the fragment, following the approach of Sousa- Santos et al. (2005) . Single polymorphisms were manually assigned recovering both strands. In addition to the alignments for each gene, all five were combined into a concatenated alignment. The alignments were deposited in TreeBase (http://www.treebase.org, submission ID number 11577). jmodeltest 3.7 (Guindon and Gascuel, 2003; Posada, 2008) with the Akaike Information Criterion (AIC) was used to identify the best-fit model of evolution for each fragment: TrN + G for CR (gamma distribution shape parameter G = 0.4154), TrNef + I + G for 12S (proportion of invariable sites I = 0.5866, G = 0.7196), TVMef + I + G for 16S (I = 0.5292, G = 0.8968), HKY + I for rhodopsin (I = 0.7038), and TrNef + G for S7 (G = 0.4235). For the concatenated data the most appropriate model was GTR + I + G (I = 0.4825, G = 0.6393). PAUP ⁄ 4.0b10 (Swofford, 2000) was used to carry out phylogenetic analyses using Maximum Parsimony (MP) approach with heuristic search and neighbor-joining (NJ) method with the selected models of evolution for the six datasets (five markers and concatenated dataset). The robustness of the inferred trees was tested by 500 bootstrap replicates (Felsenstein, 1985) .
Maximum likelihood (ML) analyses were performed with RAx-ML v7.0.3 (Stamatakis, 2006) via Cipres (Miller et al., 2010) . The concatenated dataset was partitioned by gene, and number of invariant sites and gamma shape parameters were calculated separately for each partition. Node support was estimated with 100 bootstrap replicates.
Bayesian analyses were implemented in MrBayes 3.2 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003) . Sequences were partitioned by region (five fragments) and codon position (rhodopsin). Posterior probabilities were determined from four independent runs of two million generations of Markov chain Monte Carlo (MCMC) simulations. Topologies were sampled every 1000 generations, and a majority-rule consensus tree was estimated after discarding the first 2000 sampled generations.
For each fragment, Kishino-Hasegawa test (K-H) (Kishino and Hasegawa, 1989) and Shimodaira-Hasegawa test (S-H) (Shimodaira and Hasegawa, 1999) were performed to test whether specific topologies resulting from the above analyses were significantly better than competing topologies (with constraints to the topologies recovered with the concatenated dataset). Both tests were performed with PAUP ⁄ , using the re-sampling estimated loglikelihood (RELL) approach with 1000 bootstrap replications.
The software package Arlequin 3.5 (Excoffier et al., 2005 ) was used to estimate the corrected average pairwise differences among Atherina species for the five individual markers, using the TamuraNei model (Tamura and Nei, 1993) . Taking into account the fragment size, the percentage of divergence between species was also computed.
Results
In total, 353 bp were sequenced from the 12S, 470 bp from the 16S, 379 bp from the CR, 455 from the rhodopsin and 224 from the S7 (including indels), yielding 72, 106, 527, 53 and 119 haplotypes, respectively (Tables S1-S6 in supplementary materials).
Phylogenetic analyses of the concatenated fragments (1705 bp) converged on a similar tree topology (Fig. 2) . The phylogeny provided support for the monophyly of the genus (posterior probability -pp = 1), as well as for the monophyly of each species: A. presbyter, A. hepsetus, A. boyeri, non-punctated fish, punctated fish and A. breviceps (Fig. 2 ). For Atherina, two major clades were found: one corresponding to the South African A. breviceps (pp = 1) and the other one clustering together the five European species (pp = 1). Within the European samples, two strongly supported sister groups were found: a first group comprising two clades corresponding to A. presbyter and A. hepsetus (pp = 1), and a second group with the remaining three species, generally belonging to the A. boyeri complex (pp = 0.98). Within this clade the non-punctated fish (pp = 1) appear as sister group to the remaining two species (pp = 1). The latter clusters A. boyeri (pp = 1) and punctated fish (pp = 1) (Fig. 2) . At the intraspecific level it is possible to distinguish among continental (pp = 1) and insular (pp = 1) A. presbyter, and between Azores and Canaries within the latter, suggesting genetically structured populations. For A. boyeri, the haplotypes from Atlantic and Mediterranean locations are separated (pp = 0.98 and 1, respectively) (Fig. 2) . Furthermore, MP, NJ, ML and Bayesian analysis of the five individual fragments yielded congruent, yet not as informative, trees (Table  S7 ). The results of the K-H and S-H tests suggested that the trees recovered for each gene were not significantly better than the constrained gene tree (Table S8) , with the following exceptions: MP, NJ and BA for 16S, and ML for rhodopsin. Table 3 shows the divergence within species (diagonal) and among species after correction for within species variation (bellow diagonal), with every value being statistically significant (P < 0.05). The analysis of this table clearly shows that, for every marker analyzed and for the concatenated dataset, interspecific differences are clearly higher then intra-specific ones. A. presbyter and A. hepsetus clearly show less divergence among individuals, with the results for the three mitochondrial markers and rhodopsin corroborating the phylogenetic analyses. The exception is for S7 intron, which yielded the smallest percentage of divergence between punctated and non-punctated fish. The species status of the three Mediterra-nean types traditionally included in the A. boyeri complex is also reinforced by these results. Indeed, the percentage of divergence between A. boyeri and the punctated and non-punctated forms is roughly of the same magnitude as the values separating A. boyeri from A. presbyter and A. hepsetus. These values are higher for all markers than those separating the two recognized species A. hepsetus and A. presbyter (Table 3) .
Discussion
The present paper added additional species and three new markers (one mitochondrial and two nuclear ones) confirming and expanding the results of Astolfi et al. (2005) and Francisco et al. (2008) . The monophyly of the genus was fully supported.
Two anti-tropical clades were identified: one with the South African A. breviceps and another comprising the fish from the north-eastern Atlantic and Mediterranean. The last clade includes one well supported species pair: A. presbyter in the eastern Atlantic and A. hepsetus in the Mediterranean, both species living in marine waters. Sister to this group is a clade formed by A. boyeri (a fish inhabitting brackish and freshwater environments around the Mediterranean and scattered locations in west Europe) and the two marine punctated and non-punctated fish, only known from the Mediterranean. The three forms of this complex show clear genetic differentiation, both for the mitochondrial and the nuclear markers, which supports species status for the punctated and for the non-punctated forms, thus restricting the A. boyeri sensu strict to lagoons, estuaries, lakes and rivers. The distinctiveness of the three species of the A. boyeri complex is consistent across the whole Mediterranean, both in the eastern and western basins, and their genetic divergences are comparable with those found between A. presbyter/hepsetus and A. boyeri. These findings are consis- Moreover, the present results reveal a closer relationship between brackish/lagoon A. boyeri and punctated fish, with this group being sister to non-punctated specimens. In their analysis of portion of the mitochondrial cytochrome b, Milana et al. (2008) detected the presence of an insertion, common to lagoon and punctuated forms of A. boyeri. The agreement between biometric and genetic characters (both mitochondrial and nuclear) and the wide distribution of the three entities represent, in our view, very strong support for the recognition of three different species. Because of the very large number of specific names and the need to examine specimens dispersed in several museums, the formal re-description of species is beyond the scope of the present paper, but we argue for the urgent need to undertake this. To avoid confusion, it is important to state that, for the time being, we restricted the name Atherina boyeri to the species inhabiting brackish and freshwaters, corresponding to with Trabelsi et al.'s (2002a,b) use of Atherina lagunae. The validity of species names in this complex is however not assured by formal taxonomical procedures. At a larger scale, the present results raise two interesting biogeographical questions. One is the emergence of two antitropically distributed sister clades. The impossibility of getting samples from A. lopeziana precludes further interpretation, as this anti-tropical distribution of clades may be an artifact caused by the absence of the tropical species. However, A. breviceps from southern Africa appears to be the earliest diverging atherinid lineage (Fig. 2) , which suggests several possible evolutionary scenarios. The first postulates that A. breviceps, or an ancestor of this species, had a distribution which included the northern and southern Atlantic and that subsequent extirpation events in its northern distribution left only a remnant population in southern Africa. Several extant fish species have anti-tropical Atlantic distributions, e.g. orange roughy, Hoplostethus atlanticus (Maul, 1986) , the canary drum, Umbrina canariensis (Chao and Trewavas, 1990 ) and the sand-steenbras, Lithognathus mormyrus (Bauchot and Hureau, 1990) , so this is a distinct possibility. Secondly, a southern atherinid species might have colonized northern European waters. Support for this hypothesis requires further analysis, as most marine colonizations probably occurred from north to south, e.g. Cape hake, Merluccius (von der Heyden et al., 2007) , anchovies, Engraulis spp. (Grant and Bowen, 2006) and Palinurus lobsters (Groeneveld et al., 2007) .
A second aspect emerging from this study is the species richness of the Mediterranean Atherina and their likely origin inside the Mediterranean itself. Of the six species analyzed, four are found in the Mediterranean. One, A. hepsetus, is sister species to the Atlantic A. presbyter and, judging from the molecular divergence values (Table 3) , is a relatively recent example of vicariance separating the Atlantic A. presbyter and the Mediterranean A. hepsetus. In the clade comprising A. boyeri, two species are restricted to the marine waters of the Mediterranean, while A. boyeri, although present in West Europe, is much more diverse in the Mediterranean and Black Seas (Francisco et al., 2008) . In glacial conditions it is likely that this species survived in the Mediterranean area, re-colonizing West Europe during the present interglacial. Thus, the Mediterranean likely promoted several instances of speciation in different clades of Atherina at different times: a more recent event for A. presbyter/A. hepsetus, and two more ancient ones in the A. boyeri complex. It is becoming increasingly evident that the Mediterranean promoted the diversification of a number of fish groups, e.g. Microlipophrys , Symphodus (Almada et al., 2002) , Diplodus (Hanel and Sturmbauer, 2000) , Sparidae (Herrán et al., 2001) . As some members of the clades were able to move into Atlantic waters adjacent to the Mediterranean, they are not considered Mediterranean endemics, which means that the level of endemism under-represents the role of the Mediterranean in the generation of new species. In the case of Atherina, we suggest that the origin of species in the A. boyeri complex may date back to the Messinian Salinity Crisis (MSC). Although no molecular clock specific for the Atherinidae is available, the divergence values presented in Table 3 are in the order of 4-6.5% (12S), 8-9% (16S) and 17-23% (CR), not in consistence with the divergence of 2-3.6% per million years frequently used for the mtDNA of fish (Brown and Wilson, 1979; Donaldson and Wilson, 1999, respectively) . Thus, the scenario of speciation events around 5 million years ago seems plausible. During the MSC the Mediterranean Sea suffered not only a drastic reduction in available marine habitat, but was fragmented into a number of water bodies that ranged in salinity from brackish to hypersaline (Hsü et al., 1977) . As species of Atherina tend to tolerate wide ranges of salinity and temperature, it seems reasonable to hypothesize that populations separated by disjunct water bodies could have evolved into the distinct extant species recognized today. These became sympatric when the Mediterranean filled with Atlantic waters at the end of the crisis. Thus, it seems likely that the invasion of freshwater, with all the inherent adaptive and phenotypic changes, has occurred only once in the history of the genus Atherina. The separation of the ancestors of A. presbyter in the Atlantic and A. hepsetus in the Mediterranean is certainly younger than ancestors of the A. boyeri complex judging from the divergence values found, and may have been triggered by glacial events at the early Pleistocene, separating warm waters of the Mediterranean from those of the Atlantic. As the divergence between the two species is too great, it is unlikely that the last glacial maximum played a significant role in the vicariance of the species.
The present study represents the most thorough investigation of the phylogeny of the genus Atherina for both the number of species studied and the variety of markers analyzed. The results support those previously obtained with mtDNA and provide clear-cut evidence of the need for a systematic revision of the genus. Moreover, the existence of three different species with good geographical and ecological overlap makes this genus potentially very interesting for tracing the history of postglacial Mediterranean colonizations. In this perspective a future insight into their phylogeographical history is strongly recommended. 
